Three-dimensional (3D) printing, also known as additive manufacturing, originally designed and used for rapid prototyping, has become more and more widespread in various industries, including dental, medical/orthopedic, automotive, aerospace, apparel, and food sectors. Due to its flexibility in small scale production and high customization capabilities, 3D printing has been predicted as one of the disruptive technologies to impact the global economy and supply chain management by 2025 (Manyika et al. 2013, Janssen et al. 2014. However, despite these predictions and anecdotes of successful business applications, little has been done on the modeling side to quantify the impact of 3D printing on supply chain performance. This fact makes it challenging for companies that are considering the technology. To help these companies, this paper presents a mathematical model to study the optimal design of spare parts logistics systems using 3D printing, and thereby to quantify the value of 3D printing adoption.
A typical way of supplying service parts is to hold inventory of spare parts locally. Using this approach, the company needs to procure inventory from its long-term supplier located overseas. However, due to geographic distance, the orders placed with the supplier require a long lead time (one to two months) to arrive, unless with expensive expedited shipping, which is economically unrealistic. This approach thus implies high inventory costs, especially given that the part variety is large.
3D printing is one potential solution. Traditional manufacturing (also known as subtractive manufacturing), such as milling, grinding, drilling, forging, casting, etc., which is employed by the overseas supplier, enjoys the benefit of economies of scale, but bears the problems of long development time, substantial prototyping costs, labor intensity, and some technological limitations and material waste. Additive manufacturing, instead, builds parts layer-by-layer directly from 3D CAD (computer-aided design) data without the need for mold tooling, jigs, fixtures or cutting tools. This results in improved part design, faster and cheaper prototyping, huge customization capabilities, better surface quality, minimal labor requirement, and environmental friendliness. Currently, the cost advantage of additive manufacturing mostly applies only to prototyping, customized ordering, and other small scale productions. But these features are shared by many high-voltage equipment spare parts, which are expensive yet face infrequent demand.
3D printing the parts would eliminate the (slow moving) parts inventory, at the expense of additional production (printing) costs and increased response (printing) time, as opposed to the immediate availability from inventory shelf. It takes $500,000 to $1,000,000 to purchase a commercial 3D printer. The production times vary from 2 hours to 7 days. The company thus phrase the 3D printing option as \storing parts on a computer, not on a shelf". Given these tradeoffs, the question narrows down to whether the company should stock or print any given part. This situation is common to other equipment manufacturers as well. For instance, consider a farming equipment. A tractor or a combine typically consists of hundreds of parts. During the harvest season, a single day of downtime during planting can cost $1,200 per tractor (Gruley and Singh 2012). The problem is also pertinent to the suppliers serving the rapidly growing emerging markets for products like automobiles and home appliances, where there is no existing logistics infrastructure for service parts. Part distributors face similar challenges. Take the fasteners in the airline industry for example, a distributor wants to carry smaller quantities of more part numbers "while the lead time can take 22 weeks and some parts get ordered only once a year or even once every two years." At the same time, "being out of those parts when they are required can ground a plane or extend the time required for a repair." As a result, these distributors "see 3D printing and advanced manufacturing technologies as a potential solution" (Keene 2014).
In this paper, we develop a general modeling framework to explicitly analyze the above tradeoffs. We consider multiple spare parts. Each part faces a Poisson demand process. A part can either be stocked by procuring from an overseas supplier or be printed on demand by a local 3D printer. For each part that is kept in stock, we assume a base-stock policy is used to control its inventory. The replenishment lead times are exogenous i.i.d. random variables. Because there is a single overseas supplier, the replenishment lead times are homogeneous across parts. When a demand for a stocked part encounters a stockout, it can either be backlogged or be directed (i.e., "overflowed") to the 3D printer. There is a linear holding cost for each unit in stock and a linear backorder cost for each backlogged demand. For each part that is to print on demand (including those overflowed to the printer), the printing time at the 3D printer is a part-type-dependent constant. Therefore, given the set of parts to print, the operations at the 3D printer can be modeled as an M/D/1 queuing system with multiclass arrivals. The waiting cost at the printer is also linear. We call this system the general system; see Section 3 for detail.
We adopt the long-run average system cost as the main performance measure and examine several trade-offs. The overseas supplier has low production cost advantage due to mass production, the local inventory can eliminate waiting when there is on hand inventory, but incurs long procurement lead times when the on hand inventory is depleted, and has limited capability to provide part variety. On the contrary, the local 3D printer is responsive in fulfilling a demand and free of inventory holding, and its flexible manufacturing capability enables it to provide service for a broad line of spare parts, but these benefits come with a higher unit production cost and exclude the possibility that an incoming demand is satisfied without waiting.
To minimize the long-run average cost, there are two types of decisions: the partition decision that determines which parts to stock and which parts to print, and the base-stock levels for the parts to stock. The resulting optimization problem is NP-hard. But we are able to derive various structural properties to gain better understanding of the tradeoffs. These structural properties also enable us to develop efficient and effective heuristic solutions.
In Section 4, we show that the system cost is supermodular in base stock levels, indicating that the base stock levels of two different spare parts are economic substitutes in determining system cost. We also show that the system cost is component-wise convex in each part's base stock level. Under homogeneous costs and uniform demand composition, we show that the optimal partition can be characterized by a single switching index (i.e., a threshold policy). That is, all parts with indices lower than or equal to the switching index are to print, while the others are to stock. For systems in which the parameter range implies negligible queue time at the 3D printer, the problem is separable and therefore very easy to solve. This no queue solution turns out to be a very effective heuristic (with average relative error of 0.8% in the numerical study); see NQ Heuristic in Sections 4.4 and 6 for details.
To gain more insights, in Section 5, we further study three specially structured systems. One is a dedicated system, in which the parts are partitioned into two exclusive sets: stock or print, and no overflow is allowed. This is a more rigid system than the general system but can be realistic in certain circumstances. It also allows us to assess the value of flexibility by comparing this system with the general system. Two other systems of interest are the extreme cases of the dedicated system: the stock system in which all parts are stocked, and the print system in which all parts are printed.
For the dedicated system, we show the system cost is a supermodular set function, which enables us to identify a recursive procedure to find nontrivial subsets of the optimal partition. Our numerical study indicates that the recursive procedure can actually result in the exact optimal partition in most cases (97.5% out of 432 cases). For cases where the recursive procedure does not yield the optimal partition, two greedy algorithms are developed to obtain a heuristic partition. This further increases the percentage of optimal solutions obtained to 98.6%, and the heuristic solution using both the recursive procedure and the greedy algorithms performs surprisingly well (with maximum relative error of 1.7%). See DS Heuristic in Sections 5.3 and 6 for details. The switching index structure of the optimal partition continues to hold here for homogeneous costs and uniform demand composition. Moreover, it can be further generalized to allow increasing demand composition. For the stock system, the optimal system cost is increasing in part variety, demonstrating why relying solely on the overseas supplier can be very expensive for a broad line of spare parts. Whereas for the print system, the system cost is independent of variety, explaining the value of 3D printing's manufacturing flexibility. We also characterize how the composition of spare part demands affect this system's cost, which suggests cost effective ways to improve performance.
Through extensive numerical studies (in Sections 6, 7 and Appendices B and C), we obtain valuable insights to guide practice. For example, adopting 3D technology can lead to significant cost saving across a wide range of model parameters --with a maximum of over 50% and an average of nearly 30% cost reduction from the stock system. And the impact of 3D printing increases as the part variety grows. Also, a little flexibility goes a long way" applies to this context as well. Specifically, inhibiting demand overflow to the 3D printer when a stockout happens could increase the system cost substantially, and the resulting optimal base-stock level is significantly higher than without the overflow option. Moreover, we observe the utilization of the 3D printer to be never high, with an average utilization of less 8% and a maximum of less than 25%, which also supports the good performance of NQ heuristic.
The above notion of "a little flexibility" is related to but different from that in the growing literature on resource flexibility. Resource flexibility, also known as process or capacity flexibility, refers to the ability of a resource such as a plant or a service facility to process different types of products/jobs. In their seminal work, Jordan and Graves (1995) consider n plants and n products and show that letting each plant produce only two products in a chain structure, and hence \a little flexibility", can achieve almost all the benefits of total flexibility (each plant producing every product). Similar properties have been established in many other settings; see, e.g., Graves and Tomlin (2003) , Chou et al. (2010) , Bassamboo et al. (2012) , and Simchi- Levi and Wei (2012) . In our context, the inventory for each part is a dedicated resource, while the 3D printer is a fully flexible resource because it can print every part. What we show is that having the access to the flexible resource can achieve significant cost saving compared to without the option, even though the usage of this resource is rather infrequent. (Song and Zipkin 2009 make a similar observation in a single-item dual sourcing problem.)
